The filamentous cyanobacteria Planktothrix spp. occur in the temperate region of the Northern hemisphere. The red-pigmented Planktothrix rubescens bacteria occur in deep, physically stratified, and less eutrophic lakes. Planktothrix is a known producer of the toxic heptapeptide microcystin (MC), which is produced nonribosomally by a large enzyme complex consisting of peptide synthetases and polyketide synthases encoded by a total of nine genes (mcy genes). Planktothrix spp. differ in their cellular MC contents as well as the production of MC variants; however, the mechanisms favoring this diversity are not understood. Recently, the occurrence of Planktothrix strains containing all mcy genes but lacking MC has been reported. In this study, 29 such strains were analyzed to find out if mutations of the mcy genes lead to the inability to synthesize MC. Two deletions, spanning 400 bp (in mcyB; one strain) and 1,869 bp (in mcyHA; three strains), and three insertions (IS), spanning 1,429 bp (in mcyD; eight strains), 1,433 bp (in mcyEG; one strain), and 1,433 bp (in mcyA; one strain), were identified. Though found in different genes and different isolates and transcribed in opposite directions, IS were found to be identical and contained conserved domains assigned to transposable elements. Using mutation-specific primers, two insertions (in mcyD and mcyA) and one deletion (in mcyHA) were found regularly in populations of P. rubescens in different lakes. The results demonstrate for the first time that different mutations resulting in inactivation of MC synthesis do occur frequently and make up a stable proportion of the mcy gene pool in Planktothrix populations over several years.
Microcystins (MC) are cyclic heptapetides regularly produced by cyanobacteria of the genera Anabaena, Microcystis, and Planktothrix. MCs are known to be toxic to aquatic biota, livestock, and humans. They are synthesized nonribosomally by multifunctional enzyme complexes via the so-called thiotemplate mechanism (4). The above-mentioned organisms show an impressive diversity in the production of small bioactive peptides (700 to 1,400 Da) other than microcystins, e.g., anabaenopeptins, aeruginosins, microviridins, cyanopeptolines, etc. (6) . Typically, isolates differing in the production of these small peptides cannot be discriminated under the microscope or by traditional molecular taxonomic approaches. Our understanding of the mechanisms and recombination processes affecting existing pathways of secondary metabolite synthesis is rather poor. Recently, progress has been made in the elucidation of the genetic basis of MC synthesis for all three main MC producers occurring in freshwater, i.e., Anabaena, Microcystis, and Planktothrix (2, 27, 36) . Three gene clusters responsible for the biosynthesis of microcystins, containing 9 or 10 genes (depending on the genus) and spanning Ͼ55 kb, have been sequenced. Using information obtained from nonribosomal peptide synthetases and polyketide synthases in general (17, 32) and from tracer feeding experiments (22) , the main pathways of MC biosynthesis could be elucidated (36) .
Because of high sequence similarities between the mcy gene clusters in the different genera and the coevolution of 16S rRNA genes and mcy genes, a common ancestor for MC synthesis has been suggested (25) . According to this theory, the patchy distribution of mcy genes among strains of one species is understood in terms of repeated-loss processes of the mcy gene cluster during cyanobacterial evolution, albeit the maintenance of mcy in some genera points towards an important but so far unknown function. Our recent report on the occurrence of inactive mcy genotypes (i.e., genotypes possessing the mcy genes but lacking MC production) of Planktothrix spp. in nature (13) might be understood as support for the mcy gene loss hypothesis. The inactivation of MC synthesis in an increasing number of strains might be seen as a first step in evolution towards losing the complete mcy gene cluster. Also, a few inactive mcy genotypes have been described for Microcystis. The loss of MC synthesis has been attributed to the accumulation of point mutations (9, 23) . However, so far mutations have not been found among genes of the mcy gene cluster.
The aim of this study was to find out whether the inactivation of MC synthesis can be explained by mutations within the mcy gene cluster, and if so, which mutation types can be found in nature and how frequently they occur or if they should rather be considered exceptional.
(The field data reported in this study partly originated from the M.Sc. thesis submitted by L.Q. to the International Institute for Infrastructural Hydraulic and Environmental Engineering (IHE, Delft, The Netherlands) in the course of the International Postgraduate of Limnology Course at the Limnological Institute in Mondsee, Austria.)
MATERIALS AND METHODS
Experimental organisms and culture conditions. All nine inactive microcystin genotypes of Planktothrix rubescens (Lake Irrsee strains 12, 62, 65, 87, 94, and 95; Lake Wörthersee strain 67; and Lake Mondsee strain 91/1) and P. agardhii (Lake Gjersjoen strain CCAP1459/36), as reported previously (13) , and 20 additional P. rubescens strains (Lake Mondsee strains 40, 110, 120, 130, 135, 137, 154, and 194; Lake Grabensee strains 139, 145, 161, 166, 168, 169, and 170; Lake Wolfgangsee strain 160; Lake Fuschlsee strains 165, 167, and 178; and Lake Obertrumer See strain 197) were isolated and analyzed as described previously (13) . All strains gave positive signals in PCRs with a mcyA-and mcyB-specific primer pair but did not contain MCs and were screened for DNA mutations as described below. All strains analyzed contained the internal transcribed spacer region of the phycocyanin operon, detected with primers PcPlϩ and PcPlϪ, specific for Planktothrix spp. (13) . Based on the current taxonomical classification (34) , strains were assigned to either P. agardhii (green pigmented) or P. rubescens (red pigmented). All strains were cultivated in BG11 medium (26) containing 2 mM NaNO 3 and 10 mM NaHCO 3 at 15°C with continuous light (5 to 10 mol m Ϫ2 s Ϫ1 ; Osram type L30W/77 Fluora light source). Strains were harvested by incubating 2 ml of culture for 1 h on ice, subsequent centrifuging at 13,000 rpm for 10 min, and lyophilizing the pellet in a vacuum centrifuge at 30°C.
Sampling. P. rubescens was sampled from June to October in the years 2001-2004 by pulling a plankton net (30-m mesh size) from a depth of 20 m to the surface at the center of a lake. In parallel, quantitative integrated samples were obtained by collecting 1 liter every meter from the surface to a depth of 20 m. Lakes Irrsee, Mondsee, Offensee, Schwarzensee, Wolfgangssee (Upper Austria, Austria), and Wörthersee (Carinthia, Austria) are generally deep and stratified lakes, and except for the oligotrophic Lake Schwarzensee, are classified as mesotrophic (7). Filaments were assigned to the genus Planktothrix according to previously described morphological criteria (1) and counted from Lugol's solution-fixed integrated samples. The enumeration of cells was done by means of an inverted microscope, using the methods of Utermöhl (37) as described previously (13) . Aliquots (a few ml from net samples and 3 to 4 liters from integrated samples) were filtered onto glass fiber filters (BM/C; Ederol, Vienna, Austria) under vacuum pressure and stored frozen (Ϫ20°C) until DNA extraction.
Genetic analysis. DNA extraction from strains and field samples was performed by a standard phenol-chloroform procedure as described previously (12) . . In order to screen the complete Planktothrix mcy gene cluster (2), 28 primer pairs covering the whole mcy gene cluster were designed and used to amplify fragments of 2 kb without interruption (Table 1) . DNA mutations were detected via the difference in PCR product sizes in agarose compared to the corresponding PCR products obtained from strain CYA126/8, whose the mcy gene cluster has been sequenced (AJ441056) (2) . The PCR thermal cycling protocol included an initial denaturation step at 94°C for 3 min, followed by 35 cycles at 94°C for 30 s, an annealing temperature of 60°C for 30 s, and an elongation temperature of 72°C for 2 min. In the case of nonsuccessful PCRs, a long-range Taq polymerase (Clontech, BD Biosciences, Palo Alto, CA) was used to amplify PCR products (Ͼ4 kb) using adjacent primer pairs following the manufacturer's instructions.
In order to detect mutant genotypes directly in the field, primers specific for the detected mutation events were designed ( Table 2 ). The deletion-specific primer pairs produced distinctly shorter amplification products than the amplicons resulting from unmutated gene regions (mcyHA deletion in strain 62, 1,869 bp; mcyB deletion in strain CCAP1459/36, 707 bp). In contrast, the insertion (IS)-specific primer pairs (mcyDIS1, strain 110; mcyAIS, strain 40) consisted of the forward primer binding to a locus within mcyD or mcyA and the reverse primer binding to the inserted gene region or vice versa. All five primer pairs (Table 2 ) were found to be specific for the corresponding genotype and did not give PCR products for other typically co-occurring Planktothrix strains and other cyanobacteria (Aphanizomenon spp., Microcystis sp., Nostoc sp., and Synechococcus spp.). For field analysis, the PCR thermal cycling protocol included an initial denaturation step at 94°C for 3 min, followed by 35 cycles at 94°C for 30 s, an annealing temperature of 60°C for 30 s, and an elongation temperature of 72°C for 30 s. To control for the occurrence of Planktothrix and the mcy gene cluster, each sample was analyzed with the PcPlϩ/Ϫ primers, amplifying the intergenic spacer region within the phycocyanin operon (PC-IGS), and the peamsoϩ/Ϫ primers, amplifying a region within the mcyA gene, as described previously (13) . Pilot experiments showed that PCRs using the primer pair PcPlϩ/Ϫ and the Nucleotide sequence accession numbers. The sequence data obtained in this study have been submitted to the DDBJ/EMBL/GenBank databases under accession numbers AM039937 to AM039947, AM040461 to AM040485, and AM055629 (Tables 2 and 3) .
RESULTS
Identification of mutations linked to the inactivation of MC synthesis. Sequencing of the PCR amplicons that differed in size from the expected 2.0 kb revealed deletions and insertions ( Fig. 1 ; see the supplemental material). Insertions were detected at three different sites by significantly larger-than-expected PCR products, using in one case primer pair 6, binding to mcyD, in the second case primer pair 12, binding to the spacer region between mcyE and mcyG, and in the third case primer pair 21, binding to mcyA. The insertion affecting mcyD (mcyDIS1) was 1,429 bp long and found at position 11,918 of the mcy gene cluster (AJ441056), and it occurred in strain 110. The insertion sequences observed in strains 139, 145, 161, 166, 169, 170, and 178 were located in mcyD at the same position (mcyDIS2). Both mcyDIS1 and mcyDIS2 had a left inverted repeat (IRL; 5Ј-CAGGGCTGTTTCA-3Ј) and a right inverted repeat (IRR; 5Ј-TGAAACAGCCCTG-3Ј) and were highly similar (99.0 to 99.4% identity), but mcyDIS2 was transcribed in the opposite direction (Fig. 2) . The variability among the seven strains containing mcyDIS2 (1,397 bp) was low (0 to 0.6%). Two other insertions with identical IRL and IRR sequences affected the spacer between mcyE and mcyG (1,434 bp; named mcyEGIS) in strain 110 at position 23,822 and affected mcyA (1,433 bp; named mcyAIS) at position 41,274 in strain 40. All mcyDIS and mcyAIS mutants had short directly repeated sequences (DR) of 10 bp in length at the downstream end (mcyDIS1, 5Ј-CGT GCA CGG G-3Ј; mcyDIS2, 5Ј-CCC GTG CAC G-3Ј; mcyEGIS, 5Ј-GGC TGT TCC C-3Ј; and mcyAIS, 5Ј-CCC AAA ACC C-3Ј). Consequently, mcyDIS2 transcribed in the opposite direction but inserted at the same position should have originated from a second independent insertion event. All IS showed 98.5 to 99.4% identity and carried a single predicted open reading frame (ORF) (encoding 363 amino acids [aa]) constituting 76% of mcyDIS1 (bp 237 to 1328). The ORF included conserved domains assigned to transposase 11 (E value, 7e Ϫ 08), a transposase DDE domain known to be necessary for efficient DNA transposition (3). We concluded that all insertions found among the mcy gene cluster involved this same transposase 11.
Deletions were identified by shorter-than-expected PCR amplicons at two different sites. In one case, PCR amplification constantly failed to give an amplicon with primer pairs 17, 18, and 19. Subsequently, long-range PCR amplification with primers 17fwd and 19rev was performed, yielding an amplicon of only 4 kb instead of the expected 6 kb (data not shown). This deletion (called the mcyHA deletion) was found in strains 12, Table 4 ). The extremely low density (zero filaments in 50 ml of sedimentation volume) in Lake Schwarzensee was responsible for the two negative sampling dates, since the net samples taken in parallel gave PCR products indicative of Planktothrix and mcyA. Otherwise, there was a good correlation between the frequencies of occurrence of PCR results from net samples and integrated samples, indicating that the mcy genotype composition did not differ between plankton net samples (containing a Ͼ1,000-fold larger sample of the population in terms of individual numbers) and integrated samples (containing all the individuals sampled from approximately 4 liters of integrated lake water).
PCR products indicative of insertions (mcyDIS1 and mcyAIS) were found to be ubiquitously distributed, i.e., the mcyDIS1 genotype was found in Lakes Mondsee, Wörthersee, Offensee, and Irrsee and the mcyAIS genotype was found in Lakes Mondsee and Wörthersee (Table 4 ; see the supplemental material). The mcyHA deletion was detected in Lakes Mondsee and Wörthersee. The mcyB deletion was not detected in field samples. For Lakes Mondsee and Wörthersee, both insertions (mcyDIS1 and mcyAIS) and the mcyHA deletion were found regularly over 4 years. In net samples from Lake Mondsee, the mcyHA deletion and mcyDIS1 were found as frequently as mcyA and PC-IGS. For net samples from Lake Wörthersee, both insertions and the mcyHA deletions occurred with a 100% frequency of detection. For populations showing the lowest abundance of Planktothrix throughout the study period (Lakes Wolfgangsee and Schwarzensee), no mcy mutations were detected. FIG. 1 . mcy gene cluster of Planktothrix isolate CYA126/8 (2) and locations of mutations found in inactive mcy genotypes. Strains 110 and 40 were isolated from Lake Mondsee (Austria), strains 139, 145, 161, 166, 169, and 170 were isolated from Lake Grabensee (Austria), strain 178 was isolated from Lake Fuschlsee (Austria), strains 12, 62, and 65 were isolated from Lake Irrsee (Austria), and strain CCAP1459/36 was isolated from Lake Gjersjoen (Norway). Similarity of sequences of mcy mutations from field samples. Twenty-five PCR amplification products of mutant genotypes from field samples were sequenced in order to validate the results of PCR detection and to find out whether the insertion events observed among strains may occur independently in nature. In general, the similarity among sequences of mutations, even if obtained from different populations, was high. Sequence identities for the sequences obtained from the 5Ј end and 3Ј end of mcyDIS1 were 96.6 to 100% (270 bp; n ϭ 4) and 95.9 to 100% (198 bp; n ϭ 8), respectively. According to the difference in DR sequences of the mcyDIS1 3Ј ends, two independently arisen genotypes occurred in lake samples, and one mcyDIS1 3Ј-end genotype was found in Lake Offensee only (see the supplemental material). In contrast, only one mcyAIS genotype DR sequence was observed, and sequence identities for the 5Ј end and 3Ј end of mcyAIS were 99.5 to 100% (369 bp; n ϭ 6) and 99 to 100% (298 bp; n ϭ 7), respectively. All mcyHA deletion events occurred at the same position of the mcy gene cluster, and the sequences flanking the mcyHA deletion (266 bp; n ϭ 4) were identical. The results demonstrate that mutations within mcy may arise independently and are detectable for years.
DISCUSSION
Types of naturally occurring mutations. Of the 29 strains that were inactive in microcystin synthesis, 13 were found to contain mutations within the mcy gene cluster. One strain, no. 110, even contained two mutations (mcyDIS1 and mcyEGIS). Since mcyEGIS was located in the spacer region between mcyE (9, 23) . This study is the first showing that mutations do occur frequently within the mcy gene cluster and that a large proportion of mutations are caused by insertion of an IS element at different sites (observed in 9 of 13 strains). A relatively large number of genes encoding putative transposases have been reported for sequenced genomes of Nostoc PCC7120 (10), Nostoc punctiforme (18) , and Synechocystis PCC6803 (11) . Transposition has been reported to result in different Synechocystis PCC6803 genotypes (24) and to affect gas vesicle genes in Microcystis PCC7806 (20) . The IS elements found in this study contained ORFs that putatively encode a transposase of 363 amino acids, including the conserved domains assigned to the DDE motif of the active site, which are involved in DNA cleavage at a specific site followed by a strand transfer reaction (16) . It is obvious from the different insertion sites and flanking regions that insertion of this IS element occurred several times. No stop codons were detected within the ORFs, i.e., transposition activity should still be maintained. Notably, characterization of the mcy gene clusters from Anabaena, Microcystis, and Planktothrix and the nda gene cluster from Nodularia revealed associations with transposases (2, 21, 27, 36) . Those transposases were members of families distinct from that of the transposase observed in this study. Frequency of occurrence of mutations. Although mcyDIS1, mcyAIS, and mcyHA were found ubiquitously distributed, the populations investigated in this study were found to differ in the frequency of occurrence of these mutations. Since PCR assays for the total population (PlPcϩ/Ϫ) and for the mcyDIS1 3Ј end and mcyHA were shown to have the same detection limit, the lower abundance in some populations is considered unbiased by the PCR approach used in this study. The results correspond to an earlier quantification of inactive mcy genotypes (13) in Lake Mondsee (21% inactive genotypes) and Lake Irrsee (5% inactive genotypes) and may imply that transposase-mediated mutations do occur more frequently in populations with a larger number of individuals. The relatively high proportion of mcy mutants occurring in populations is surprising since it indicates that MC is not needed for the survival of individual cells in nature. Moreover, the mutants have existed for long periods of time, as indicated by the detection of some of them in different lakes and by point mutations that allow for discrimination between genotypes bearing the same mutation. Indeed, directed mutagenesis of mcy genes in Microcystis PCC7806 revealed no difference in growth between mutant and wild-type cells under different light conditions (8) . On the other hand, no population has been found without any MC production, and it may be assumed that MC as a toxin is necessary to keep the ambient density of a specific group of potential antagonists low (15, 28, 29, 31) . Thus, it may be sufficient if some of the genotypes in a population produce MC in defense against grazers or other organisms.
Microevolution of mcy genes. The mutants identified during this study support the idea of a frequent loss of the ability to synthesize MC during evolution (25) . On the other hand, the inactivation of the mcy gene cluster by transposable elements as observed in this study might be seen as an intermediate step in reorganization of the mcy gene cluster towards cell types with modified MC synthesis. Typically, organisms that lack an immune system are prolific producers of secondary metabolites (33) . Recombination has been recognized as a general feature in the formation of mcy gene clusters for the synthesis of new structural variants of MC (14, 19, 35) and the related toxic peptide nodularin (21) . Generally, transposases have been recognized as a major factor in the rearrangement of genes (30) . In this study, mcyE was found flanked by two functional IS modules resembling transposon elements shown to mobilize DNA sequences encoding antibiotic resistance. It remains to be established whether there is a connection between the recombination processes observed within mcy genes, resulting in the formation of new MC variants, and the nonrandom mutations induced by transposable elements observed in this study.
